This retrospective study of 30 patients with intraductal papillary mucinous neoplasm of the pancreas used time-intensity curve analysis to quantify contrast enhancement of mural nodules during endoscopic ultrasonography. Three of the five time-intensity parameters analyzed differed significantly between nodules with or without high grade dysplasia or cancer and there was a strong correlation between echo intensity change and the tumor microvessel density found on pathologic examination.
Introduction
Intraductal papillary mucinous neoplasms (IPMNs) of the pancreas include a wide spectrum of pathological grades ranging from low grade dysplasia (LGD) and intermediate grade dysplasia (IGD) to high grade dysplasia (HGD) and invasive carcinoma. The prognosis of IPMNs with LGD or IGD is favorable, whereas IPMNs with HGD are at significant risk of malignant transformation [1, 2] . IPMNs with invasive carcinoma have a poor prognosis [3] . Therefore, IPMNs with HGD or invasive carcinoma are an indication for surgery, whereas IPNMs with LGD or IGD are not.
However, there are no accurate methods to preoperatively differentiate between those two groups. As a result, many patients who undergo surgical resection are overtreated, particularly patients with neoplasms of branch duct type [4] .
Angiogenesis is essential for sustained tumor growth, invasion, and metastasis [5] .
Microvessel density in tumor tissue has been shown to be an important prognostic factor associated with survival in patients with pancreatic ductal adenocarcinoma [6, 7] . It has also been reported that neovascularization plays an important role in the tumorigenesis of invasive IPMNs of the pancreas [8] .
Contrast-enhanced harmonic endoscopic ultrasonography (CH-EUS) is a new method
that enables assessment of tumor microvasculature; it has been shown to be useful for differentiating between solid pancreatic lesions [9] [10] [11] [12] [13] . Moreover, echo intensity changes over time can be measured, and a time-intensity curve can be obtained. CH-EUS with analysis of the time-intensity curve has been used to differentiate solid pancreatic lesions; however, similar data are not available for IPMNs [13] .
The aim of this study was to evaluate the diagnostic accuracy of CH-EUS with timeintensity curve analysis in differentiating between LGD/IGD and HGD/invasive carcinoma in IPMNs and to assess correlation between the time-intensity curve parameters and tumor microvessel density. This study was reported according to the Standards for Reporting of Diagnostic Accuracy (STARD) guidelines [14] .
Patients and methods

Patients and study design
Eligibility criteria included: (i) presence of IPMNs with mural nodules for which CH-EUS and time-intensity curve analysis had been performed, and (ii) a pathologically confirmed IPMN grade based on evaluation of surgically resected specimens. We excluded IPMNs that were suspected to be malignant on computed tomography or magnetic resonance imaging, although we did not exclude IPMNs only on the basis of their size. A database search for the period between December 2009 and November 2013 was performed at the Department of Gastroenterology and Hepatology at the Okayama University Graduate School of Medicine, Dentistry, and Pharmaceutical Sciences, and 30 patients were enrolled in this study (Fig. 1) . IPMNs were subclassified into main-duct, mixed, and branch-duct type according to the international consensus guidelines established in 2012 [15] . At our institution, main-duct and mixed type IPMNs are considered to be indications for surgery, as well as branch-duct type IPMNs that have mural nodules. For all patients, endoscopic, radiological, and clinical data were retrospectively reviewed from clinical records.
In this study, IPMN patients with high grade dysplasia (i.e., noninvasive carcinoma) and with IPMN-associated invasive carcinoma were classified into the "HGD/invasive carcinoma" group, while patients with low grade dysplasia and with intermediate-grade dysplasia were classified into the "LGD/IGD" group.
The study was approved by the review board of our institution, and we obtained informed consent with regard to CH-EUS with time-intensity curve analysis from all patients.
CH-EUS imaging
Before undergoing CH-EUS, all patients underwent fundamental B-mode EUS to determine the largest diameter of the cyst, the presence or absence of a mural nodule, the size of the nodule, and the largest diameter of the main pancreatic duct. EUS examinations and ultrasonography imaging analyses were performed with a GF-UE260-AL5 device (Olympus, Tokyo, Japan) and an ALOKA ProSound SSD α-10 device (Aloka, Tokyo, Japan), respectively.
For CH-EUS, the extended pure harmonic detection mode was used, which combines the filtered fundamental and second-harmonic component frequencies with a transmitting frequency of 4.7 MHz. The mechanical index was 0.2 and the frame rates were 10-11 Hz. The focus was set on the distal side of the target lesion. If a mural nodule was identified upon tumor imaging using fundamental B-mode EUS, then the contrast agent Sonazoid (Daiichi Sankyo, Tokyo, Japan) was intravenously administered to evaluate the blood flow of tumor microvasculature. Sonazoid is a second-generation ultrasonography contrast agent composed of perfluorobutane microbubbles with a median diameter of 2-3 µm. One vial of Sonazoid (16 µL as perfluorobutane) was suspended in 2 mL of distilled water and administered via bolus injection at 0.015 mL/kg. The nodule was then observed for 120 s continuously in order to compare its enhancement with that of the surrounding pancreatic parenchyma.
Time-intensity curve analysis
The digital CH-EUS data generated for 120 s continuously after the injection of contrast agents were stored on the hard drive of the ultrasonography imaging system. Later, these data were retrieved from the hard drive and analyzed.
Two circular regions of interest (ROI) were placed, on the mural nodule and normal pancreatic parenchyma, respectively. In most cases, we put the ROI on the base of the nodule. If there were multiple nodules in IPMNs, we performed time-intensity curve analysis for the largest nodule. In order to avoid an incorrect setting, the location of the ROI was decided by three experienced endoscopists when we performed CH-EUS.
These three endoscopists had no knowledge of the final diagnosis.
The position of the ROI was manually corrected for the patient's respiratory movements. The size of the ROI did not change with respect to all evaluated cases. We performed time-intensity curve analysis only once for a single ROI in all cases. The echo intensity in the ROI was quantified, and the time-intensity curve was calculated using the software program built into the ultrasonography imaging system. We could quantitatively analyze the blood flow in the tumor microvasculature from several aspects using time-intensity curve analysis. The following parameters were measured from the time-intensity curve ( Fig. 2): (i) echo intensity change from baseline to peak;
(ii) time to contrast enhancement peak; (iii) velocity of contrast imaging from baseline to peak; (iv) echo intensity reduction rate from peak to 120 s after injection; and (v) nodule/pancreatic parenchyma contrast ratio.
These parameters were compared between the HGD/invasive carcinoma and LGD/IGD groups to identify any statistically significant differences. Histopathological examination findings from the resected specimen provided the reference standard.
Assessment of microvessel density
Immunohistochemical staining of surgically resected tissue samples was performed with 4-µm thick sections of formalin-fixed and paraffin-embedded tissue specimens.
To quantify angiogenesis, microvessel density was assessed by immunostaining with an anti-CD31 antibody (Dako Japan, Tokyo, Japan), which labels vascular endothelial cells [16] . The sections were counterstained with hematoxylin and then were independently examined by a board-certified pathologist (T.T.) blinded to the study information.
The tissue sections were screened under low magnification (× 40), and the three most vascularized areas with the greatest number of tumor microvessels were selected. To determine microvessel density, the areas containing CD31-positive microvessels were quantified under high magnification (× 100) using Adobe Photoshop (version CS6; Adobe Systems), as the proportion of the CD31-stained area in the tumor sections. The mean value of the microvessel densities of these three selected areas was calculated and used as the microvessel density value for the tumor. The microvessel density values were compared between the malignant and benign groups in order to identify any significant differences.
Statistical analysis
Statistical calculations were performed using the JMP software program version 8.0 (SAS Institute, Cary, North Carolina, USA). Categorical values were compared using Fisher's exact test. Continuous values are presented as the median and interquartile range and were compared using the Mann-Whitney U test.
For diagnosis based on the time-intensity curve, the cutoff values for the echo intensity change, echo intensity reduction rate, and nodule/pancreatic parenchyma contrast ratio were determined by a receiver operating characteristic (ROC) analysis, using the Youden index calculation to show the best combination of sensitivity and specificity values for diagnosing patients as having LGD/IGD or HGD/invasive carcinoma.
The relationship between echo intensity change and microvessel density was assessed using the Spearman rank correlation analysis.
For all analyses, P values <0.05 were considered to be statistically significant. This was an exploratory study; hence no correction for multiple hypothesis testing was applied.
Results
The clinical characteristics of the 30 patients are presented in Table 1 . All patients underwent surgical resection, and the final diagnoses were based on the pathological findings. A total of 16 patients were categorized into the HGD/invasive carcinoma group and 14 patients into the LGD/IGD group. No significant differences with respect to the clinical and morphologic factors analyzed in this study were found between these two groups.
No significant adverse events were attributed to CH-EUS.
Time-intensity curve parameters of IPMNs
Typical findings and time-intensity curves are shown in Fig. 3 for the LGD/IGD group and in Fig. 4 for the HGD/invasive carcinoma group. The echo intensity change, echo intensity reduction rate, and nodule/pancreatic parenchyma contrast ratio were significantly higher in the HGD/invasive carcinoma group than in the LGD/IGD group ( Table 2) . No significant differences between the two groups were observed in the times to peak contrast enhancement and in the velocities of contrast imaging ( Table 2 ).
The areas under the ROCs (AUROCs) for the echo intensity change, echo intensity reduction rate, and nodule/pancreatic parenchyma contrast ratio were 0.8, 0.9, and 0.89, respectively (Fig. e5, available online only) . The cutoff values determined by ROC analysis were: echo intensity change, 14.7; echo intensity reduction rate, 0.48; and nodule/pancreatic parenchyma contrast ratio, 0.98. The diagnostic accuracies of echo intensity change, echo intensity reduction rate, and nodule/pancreatic parenchyma contrast ratio are shown in Table 3 .
There was no association between the size of the nodule and the parameters of the timeintensity curves.
Microvessel density of IPMNs
There was extensive anti-CD31 antibody staining on the surface of both the endothelial cells in the tumor and the normal pancreatic parenchyma (Fig. 6) . Intratumoral microvessel density was assessed on the basis of CD31 staining of endothelial cells. (Fig. e7, available online only) .
There was a strong, positive linear correlation between the mural nodule echo intensity change and the microvessel density (r = 0.803, P < 0.001) (Fig. e8, available online only).
Discussion
Cytological examination of pancreatic juice [17] or the measurement of biochemical and tumor markers in cyst fluid obtained using an EUS-guided fine needle aspiration technique have been developed as procedures to establish diagnosis of IPMNs [18] [19] [20] [21] [22] .
However, it is still difficult to diagnose the pathological grade of IPMNs using these For IPMNs, the morphological diagnosis of mural nodules using CH-EUS has been reported to be a useful method for the identification of malignant lesions [9] . In transabdominal contrast-enhanced ultrasonography using the first-generation intravenous ultrasonography contrast agent Levovist (Bayer Schering Pharma, Osaka, Japan), the quantitative evaluation of the echo intensity change of the IPMN septum was reported to provide a parameter for the differential diagnosis of benign and malignant tumors [26] . Although there are limited data on the differential diagnosis of solid pancreatic masses using CH-EUS with time-intensity curve analysis [13] , to our knowledge, the usefulness of CH-EUS with time-intensity curve analysis for the detection of malignant IPMNs has not been reported previously.
In this study, we used time-intensity curve analysis to quantitatively evaluate the pattern of echo intensity changes in mural nodules of IPMNs, as shown by CH-EUS with the use of Sonazoid, in order to diagnose the pathological grade of IPMNs; this helped us to differentiate between IPMNs with LGD/IGD and with HGD/invasive carcinoma. We found that the mural nodule echo intensity change, echo intensity reduction rate, and nodule/pancreatic parenchyma contrast ratio were significantly greater for IPMNs with HGD/invasive carcinoma compared with IPMNs with
LGD/IGD. Among these three parameters, the nodule/pancreatic parenchyma contrast ratio was the most accurate marker.
In general, the incidence of malignancy is higher in main-duct or mixed IPMNs than in branch-duct IPMNs. However, in the current study, the incidence of malignancy in branch-duct IPMNs was comparable to that of main-duct IPMNs and mixed IPMNs. This is because we chose branch-duct IPMNs with mural nodules as the main subject for analysis, which led to the increased incidence of malignancy among the branch-duct IPMNs. A mural nodule in an IPMN is considered to be a "high-risk stigmata" according to the 2012 guidelines [15] .
The size of mural nodules of IPMNs has been correlated with malignant potential in several reports [27] ; however, in the current study, the median diameter of the nodules in the HGD/invasive carcinoma group was not statistically different from that in the
LGD/IGD group. One reason for this finding may be that the sample size was too small. Microvessel density is a reliable marker for tumor angiogenesis [6] , and immunohistochemical staining for microvessel density markers has been shown to be an important prognostic factor [28] . Microvessel density shows a continuous increase from normal pancreatic tissue through chronic pancreatitis to malignant tissue [29, 30] , reflecting its important role in tumor growth. In the present study, an immunohistochemical analysis of CD31 expression revealed that intratumoral microvessel density was greater in HGD/invasive carcinoma than in LGD/IGD IPMNs.
However, this analysis does not allow intratumoral microvessel densities to be assessed preoperatively. Our data showed a strong positive linear correlation between the mural nodule echo intensity change and microvessel density (γ = 0.803, P < 0.001), indicating that the echo intensity becomes higher as the microvessel density increases. Therefore, CH-EUS with time-intensity curve examination may be a useful noninvasive method for preoperatively evaluating the microvessel density of the tumor.
This study has several limitations. First, this is a retrospective case study with a small cohort, and all CH-EUS procedures were performed at a single institution. Owing to the small sample size, no definitive recommendations can be made; further investigation with more cases from multiple institutions is needed to establish the role of CH-EUS with time-intensity curve analysis in the management of IPMNs. Second, it was sometimes difficult to obtain target images continuously with EUS during this procedure, which in turn made it difficult to measure the time-intensity curve. Third, the echo intensity is dependent on depth, and to take this into account, both the ROI of the tumor and the pancreatic parenchyma must be as near to the same depth as possible.
Fourth, as mentioned above, the features of the time-intensity curve differed between the LGD/IGD group and the HGD/invasive carcinoma group. However, nodules may have components of both LGD/IGD and HGD/invasive carcinoma, which occurs with multiple nodules spreading widely or with large nodules, especially in main-duct IPMNs; in such cases it is difficult to correctly identify the area of HGD/invasive carcinoma when we decide the location of the ROI. In addition, the differentiation is also difficult if HGD or invasive carcinoma is located in a wall or septum of IPMNs, except for nodules with LGD or IGD. In this study, there was only one case in which IGD was located in the wall of the IPMN despite the presence of LGD in the nodule, although the group categorization between LGD/IGD or HGD/invasive carcinoma did not change. However, we might have to omit widely spreading or large nodules, such as those seen in main duct IPMNs, from the objectives of time-intensity curve analysis.
Fifth, we always attempted to perform microvesssel analysis in the same location where the time-intensity curve analysis was done. However, there is no proof that both parameters were measured in precisely the same region of the tumor. This study was a pilot study, and our results regarding the performance characteristics of time-intensity curve parameters should be validated in the future in an independent dataset.
In conclusion, the blood flow in the microvasculature of mural nodules in IPMN patients, as assessed with CH-EUS with time-intensity curve analysis, was significantly associated with tumor microvessel density and pathological grade. CH-EUS with timeintensity curve analysis is potentially useful for differentiation between IPMNs with
LGD/IGD and with HGD/invasive carcinoma. LGD/IGD (n = 14)
HGD/invasive carcinoma (n = 16) P value Sex, n n.s. 
